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ABSTRACT

Internal boundaries in multiphase flow greatly
complicate fluid-dynamic and heat-transfer descrip—
tions. Different flow regimes or topological config-
utations can have radically dissimilar interfacial
and wall mags, momentum, and energy exchanges. To
model the flow dynamics properly requires estimates
of these rates. 1In this paper we define the common
flow regimes for gas-liquid systems and describe the
techniques used to estimate the extent of a particu-
lar regine. Also, ve delineate ihe current
computel -code procedures and introduce a potentially
better method.

NOMENCLATURE

A= flow area, u?

C = collision velocity, n/s

D= diameter, o

f = colligion frequency, 1/t

g * gravitational force, w/s?

h = equilibrium height of liquid {r. a stratified
flow, m

e number density, 1/m}

= gource term, l/m-°t

= tloe, s

critical velocity, m/a

= velocity, a/s

= vapor volume fraction

= density, kg/m?

o< WnZ
]

Subscripts
b = bubble

g = kas
L= liquid
n= gntity

1. INTRODUCTION

The exi{stence of one or wmore tluctuating
internal houndaries hetween phases o7 camponer s 1w
the {mportant aspect that differentiaten wul.iphase
from single-phane flow. If wccurate predictions of
flow evolution are required, we must estimate the
flow topology. In thia paper, we generslly consider
gas-liquid {nternal flows but many of our commentam
alwo could apply to solid particles in a flowing
fluld or to lomiacible liquid-liquid systema,

In principle, i{f we can write *he local instan
tancrour  fleld equations for wmass, wmomentum, and
energy withi{n each phase and {f we know the suitable
clomure equaitons (or conati{tutive laws) both for the
fleld-equation termm and for conditions acrose the
{nterface, we can calculate the topology evolution,
Howevar, we wmust assume that sccurate initi{al and
bounda.y conditions are avallsble. Because a !iquid

;ﬁdriwﬁ-;fﬂ;;:z under the auvsplces of the United
Staten Nurlear Ragulatory Commiwsion.

fila in the shea 'ing process may produce
1010 droplets of varying sizes per cubic meter, we
can make accurate gpredictions only fnr the wmaat
elecsniary cases.

1herefore, in most problems of interest we use
simplifivd area or time-averaged field equations (1)
or a lumped set of halance lavs. Thus, e flow
topology specification that cannst be based complete-
ly on the most fundamental relationships must replace
the information that 1is lost {in the averaging
proc es. The interfaclial surface area will be orders
of wmagnitude larger for liquid contained {n droplet
form than for the same quantity of 1liquid deposited
entirely in & thin film on & pipe wsll. This
increase in surface area can affect graatly the
interfacial heat mass and momentum transfer and,
hence, the overall flow dyramics.

11. FLOW REGIMES IN GAS-LIQUID FLOWS

We have ascribed various adjectives to the flow
patterns observed during experiments to piovide some
qualitative {inforamation. When the shape of the
{nterface is deternined experimentally, a fundamental
difficulty erists. Experimentalists determine wost
flow regimes visuully but have determined the topolo
By by conductance probes (2), x rays (1), end pres-
sure drops (4). Some experimentalists have assigned
{fmaginative nanes to their ohservations but f{or our
purposes we categorfze the flow by the following
bacic set.

A. _Bubbly Flow

Surfuce tension tends to produce sphericai
entities. At 1ow  vapor concentrations sphetical
bubtles form. The interfacial surface area per wunit
volume of vapor (s large. As the flow develop,, the
bubhles zay coalesce into large. bubbles; at moderate
vapor fractiona, large nonsphericsl vapor bubbles
(slugs) develop.

B. _ Sluy Flow

Slugas result from bubble coalescence. At vapor
fractfons greater than 0.} for low and moderate-
spred flows, the bubble packing density becomes w0
great that coalescence virtually is enmured and large
aluge form. However, in most cases, small bubbles
that trail behind the sluys affect interfaclal
reactiona.

C. Churn Flow

As the volua» fraction incresses, there may be
fnsufficient liquid to support the liquid plug that
separateas the vapor slugs. The resyltant, often
oscillatory, flow has convuluted strings of vapor and
l1iquid {interoixed and gene:. = {is named churn-
turbulent flow.



D. Annular-Migt Flow

At higher vapor fractions, a liquid annulus may
form on the conduit wall, If the vapor velocities
become high enough, droplets may rorm in the center
of the flow.

E. Separated Flow

1f the flow occurs it a horizontal plane at low
vapor veloci ies and moderate vapor fractions,
separated or wavy-separated flow may occur; that {is,
the flow may separate into a vapor layer at the top
of the plpe and a smooth or wavy, fluctuating liquid
film at the buttom. Also, axisymmetric flows nor
mally are -iot maintained ir horizontal pipes for any
flow patterns except at very high tlow rates.

I111. TECHNIQUES USED TO SPECIFY THME FLOW REGIME

The first ctechnique used to 3pecify flow
regimes, and the one that 's moat widaly used today,
is the flow-ragime map; that 15, the aap shows
regions that represent transitiuns between flow
topolc3ies and that generslly are iunctions of at
least the 1liquid and vapor flow rates. Maps may be
based on dimensionless or, more comwouly, dimensional
quantities. Scott (5) has modified one of Baker’s
earliest maps (6) for horizontal adiabatic flow.
Mandhane et al. (7) have & [ovmulation that uses
siapler variables. Howvever, these techniques, which
apply to fully developed (if any two-phase flow can
be considered fully develupcd) steady-state flows,
canrct account for rapid transient effects, entrance
effects, or the manner in which a discontinuous phaue
is 1introduced {nto s continuous phase. At best,
these maps are guldes to flow transitions; they are
based on 1ineifficlent physlcal characteris:ics and,
thus, rannot be used to extrapolate bryond the data
raunge available to generate the plots.

Duriag the last decade, analysts have tried to
develop mechanistic models to predict {lew transi-
tions. This approach has the principal advantaye
that {t can be applied to many fluida and flow
conditions although {t still may not cemputs rapid
transient and entrance effects accurately.

Radovich and Mo{rain (g) proposed a problem (n
which the bubbles had a diameter of D), existed in a
cublic lattice, and had a veloclty c, relative tc each
other. They calculated a collisfiorn frequency f that
{s proportional to F,

Foeo— o5 - (1)
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Thisn vold fraction dependence asuzgests that the
transition from bubbly to slug flow becomea highly
prolable at an alpha preater than 5.3, which has been
expe/imentolly ubserved. Their wodel is simple and
doamn nnt  saccount for active surface cgents ot
hydrodynamic forces brtween the bubbies that can
fnfluence the coalencence of bubhles ‘nto slugs. In
particular, bubhbles {u froths or fosms can exist at
much higher vold fractions than Fq. (1) sugpeets ls
poasible, igh mawa flow rates alao may prevant
butble coalemcence. Nicklin and Davidaon (9) have
1inked the tranaftion betveen the lTul wnd
churn-turbulent regluwsa {n vertical pipes to flouding
phenomena. Jlooding occurs  when the vapor drag on
the liquid ts sufifcient to prevent av injected 7''m
from aettling to the hottom of the pil e, Although

the Wallis correlation (10) often 18 used to estimate
the floodiang point, 1t scmetimes is inappropriate.

If the superficial vapor velocity increases
above rhe flooding limit (for a fixed 1liquid flow),
the liquid velocity reverses, which apparently is the
transition point from churn—turbulent to annular
flow.

Taitel and Dukler (11) identified five basic
flow regimes for horizontal pipes: stratified, wavy
stratified, intermitient, dispersed bubbly, and
annular. The intermittent fiow included any regime
with elongated bubblee. 1If the bubbles almost filled
the tube completely, they were called slugs; if the
bubbles did not fill the tube, they were called
plugs. Thelir basic procedure started with a strati-
fied flov and examined the mechanisme that caused
wva.-e generation aad liquid-plug formation. For the
traasition between stratified and intermittent flow,
a critical Froude number based on the vapor velocity
waé the important quantity.
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where h, , and dA,/d\ are derived from mensuration

relat lonships for an undisturbed stratified flow.
This transition {s the most fmportant of the five for
calculating many horizontal pipe problems. In
nuclear-reactor-seafety systems codes, this transition
ts the mwost {mportant for horizontal-pipe calcula-
tions because the Interfacial drag changes dramati-
cally when large waves develop. When this transition
voccures, the flow from the reactor veseel to the kteam
generator can change from courtercurrent to cocur-
rent, causing a change {n the cooling mechanism.

IV. COMPUTER-CODE PROCEDURES FOR CALCULATING FLOW
REGIMES

Computer codes used (o analyre two-phase flow
problems can solve the basic macy, @momentum, and
energy f{!'eld equations {n complicated geometries.
However, becaunr the (nterfacial eachange terus In
the more complicated models can vary widely uw &
function of flow regime, some flow-topology formula
for the exchange terme s neceasary.

Some of the first wix-fjeld-equation codes
(separater mans, momentun and energy conservation laws
for ~ach phawe) umed extremely slmple flow algo-
rithma, TIn the KACHINA prograac (li), as the volid
fractfon a * (i, a bubbly flow was wused; but, as
a ¢ 1, droplet drag war used. The weighting factors,
a and (I - a), on the two terns {mplied that bubblea
and dropletn coexinted equally; that 1s, liquid and
vapor were almultaneously continuous and discontinu-
ous at s vold fraction of 0.%. Fven though the muin
virtue of this techniyue was lta simplicity, the
aethod produced reasonable results tor high-speed
flown where the phasve normally were well mined,

However, nuclear-reactor-safety aysisan codes
wust calculete a wide ran;~ 2t trausients; therefore,
they necd 10 constdey a wider ranpe of flow regimen
than jJust  hubbles and dioplets. The Tranaient
Reactor Analysia Code, TRAC (11), fncorpurates a
Tevel of complexity for lwn-phnl: flow analysis that
ts representative of wast state-of-the-art codes,
Tte bhanic TRAC fiow-regime map (s & siuple one that
e based on a voild-fraction dependency. If a ¢ 0.3,



a bubbly flow 1is wused: whereas, 1in che range
0.3 < a < G.,5, tie vapor coalesces linearly with the
void fraction into slugs as long as the overall mass
flux 1is below a critical value. The area,
0.5 ¢ a <0.75, 1is a churn region that has a draj,
located intermediately between a bubbly-slug and aa
annular-mist shear. 1f a> 0.75, either an annular
or annular-misi. flow with an entrainment is used to
determinc the percentage of 1liquid contained in the
core in droplet form. 1If the flow occurs in a hori-
zontal pipe, Taitel and Dukler’s anslysis (Eq. 2) 1is
used to determine 1f a gtratified flow exists.
Although the model 1is cxtremely simple, reasonable
results have been obtained for a wide variety of
problems. Figure | 1llustrates these relationships.

However, & more interest’ng approach replaces
the current flow~regime detercination with differem
vial equations for interfarial surface area or entity
nunber density.

Number-density equations for the number of
entities of the discontinuous phasie/unit volume could
be written in the forwm,

'?ti"v'(""n) +5 . ()]

The s8source term S covers many effects such =z
generation, coalescence. or disz;pearance of the
entit{es; also, ft might involve differential terms.
The closure or cunstitutive equations would use the
resulting number density N to calculate the
interf{acial interactions.

It 1i{s exceptionally eamy to add one or more
equatlons of the form of Eq. (3) to the sewi-implictt
numerfcal acheae (14) used 1n many existing codes.
The basic calculational technique involves the
solution of field equations by whatever wmethod
currertly {a in une and then performs an explictr
pass on Eq. (3) wusfag the updated velocities V
produced during the time mtep as well as the wupdated
viarlables in the maurce term S, Then, the following
time mtep would ume the resuiting numsber densities to
calculate the interfacial ternms. The {ncrease in
cont {8 very wodest for any large computer prograoc
that already can solve a complicated fileld-
conatltutive equation set.
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Fig. 1 TRAC flow-regime ma:

Consider the problem where subcooled liguid if s
boiler tube 18 heated such that bubbles form and
eventually c¢oalesce 1into slugs. As vaporiestion
continues, the void fraction and the vapor velocity
increase and the s8lugs bhreak dova into a churn
turbulent regime and finally into an annular-mist
regiee. This voula be reflected by dramatic changes
in the nunber density for a one-dimensional represen-
tation of the tube would reflect these dramatic
changes.

Before the point of ner vapor generation, the
terms N and S would be zero. At the point of net
vapor generation, which could be determined by the
Saha-Zuber criterion (15), S would bhecome greater
than gero and V would become V_. However, at this
poiat a real difficulty still exists. Alcthough data
on the nurter of active nucleation sites f.r
heterogeneous nucleation as well as data on the
frequency rate of bubble production at these situs
are avallable, both surfsce finish and the purity of
the wvorking fluid can affect these terms grearly. It
may be impossible to specify a source term for bubble
gereration without wusing one or mnore adjustsble
parancters. As the bulk of the fluid reaches the
saturation temperature and the void fraction
increases, the number density also will increasa.

However, coslescense will occur as the vapor
fraction grows and Eq. (1) could be wused as a
starting point to derive a negative source term for
this effect.

A churn-turbulent region normally separates a
continvous—-liquid from a continuous-vapor domain.
Thus, the entire concept of entities with specific
geonetric characteristice may become meaningleas {n
this flow topology- We think that 1t w=may be
plaunible to write both wapor aend liquid number-
density equatiors for this regime with the under-
standing that these number densities may be wuseful
only to detect the existence of thia particular
chaot{c topology, not to calculate the interfacial
relatf{onahips.

Finally, as the vapor number dens!ty aprroaches
unity, the transition {ron churn-turbulent to annular
flow fsm compiete. If entrafinment f{s present, there
would be source termg {n the liquid number-dans‘’ty
equation to reflect the entrainment and deposition of
droplets. Several codes (16) succeasfully have
fncorporated efther number-density or f{aterf clal
surface-area transport e juations for the droplet
regime.

A nodel constructed with {nteriacisl-aresa or
nunber-dennity equstions wtill would not be a filist-
principlea calculation. Howvever, (it potentiajly
would provide a mucl. better estimate of the actual
topology when entrance or temporal effects were
present and, thus, could fuprove calculated results.
The source terms for equations of this forw etill
need to be defined bhut the potential rewards for this
effort are great.

A study of flow regises absolutely is essential
to an understanding of two-phase flow. Without wuch
fnformation only vary crude estimates of interfacial
and wall exchanges can he wade. Although some
progress has been made (n providing tools to use In
estimating the proper topology, such effort etill s
required tu fmprove the predictions.
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